Additional experimental methods
Circular Dichroism (CD) Measurements. Isothermal far-UV spectra of all DNAs were measured at 20 °C in a Jasco spectropolarimeter (model J-815) equipped with a Peltier type temperature controller (PFD-425S/15). DNA concentration used for the CD measurements was in the range of 200-400 µM. Cells of 0.1 cm path length were used for the measurements of the far-UV spectra. The CD instrument was routinely calibrated with D-10-camphorsulfonic acid. The results of all the CD measurements are expressed as mean residue ellipticity ([θ]λ) in deg cm 2 mol -1 at a given wavelength λ (nm) using the relation. [1] [2] (S1)
where θλ is the observed ellipticity in millidegrees at wavelength λ, M0 is the mean molar residue weight of the DNA in g/mol, c is the protein concentration (mg/cm 3 ), and l is the path length (cm). Each observed θλ of the DNA was corrected for the contribution of the solvent.
Time-Resolved Fluorescence Anisotropy Measurements.
Fluorescence lifetime and anisotropy measurements were performed on all three DNA constructs in this study to verify that the changes in the measured FRET efficiencies were not due to unwanted photophysics or on decreased rotational freedom of the dyes. The data were acquired using a Fluotime 300 (Picoquant, Germany) using a 640 nm pulsed diode laser excitation source PDL-D-C 640 (Picoquant, Germany) driven by a PDL 820 (Picoquant, Germany) laser driver. The emission monochromator was set to 670 nm. Photons were detected using a PMT model PMA-C 182-N-M (Picoquant, Germany). The instrument response function (IRF) was measured using a scattering solution (Ludox colloidal silica, Sigma). The measured full width at half maximum (FWHM) of the lifetime of the excitation laser was about 50 ps. The concentration of the constructs used for these measurements was 100 nM.
Labeling strategy
There are multiple considerations for choosing a dye labeling strategy for biomolecules. First, it must be demonstrated that the labeling chemistry minimally influences the biochemical system under evaluation. This has been accomplished by a combination of the circular dichroism analysis summarized in Section S2, biological assays that maintain strand transfer efficiency in the case of the present TAR DNA hairpin, [3] [4] [5] [6] [7] [8] and structural analyses such as NMR characterization. [9] [10] [11] The Cy3/Cy5 pair has been widely studied in DNA labeling and results in reduced effects on the DNA dynamics among several choices of dyes. [12] [13] Next, it is necessary to ensure that the biochemical functionalization does not induce significant biochemical or biophysical effects on the observed dye characteristics. In the present study, this has been accomplished by including thymidine spacers at each hairpin terminus, in order to prevent the stacking of these dyes with the nucleotide bases. Studies have shown that Cy3 and Cy5 dyes will stack with terminal bases in double-stranded DNA, limiting dye rotational mobility. 9, [14] [15] This effect can be corrected by including an orientation factor of the dyes, [14] [15] [16] but this correction introduces difficulties in identifying different states due to the smaller variations of the FRET efficiencies. For the current dye-hairpin combination, the effectiveness of thymidine spacers at minimizing unwanted interactions between the dyes, the linkers, and the DNA has been demonstrated extensively [3] [4] [5] [6] [7] [8] , and in the current work, this interpretation is further confirmed by the fluorescence lifetime, rotational anisotropy, and photon count analyses in section S3.
Finally, it is important, in the case of FRET, to establish that the reported photon counts from the donor and acceptor are anticorrelated and are genuinely reflective of the relevant distance changes in the biomolecule. There are three strategies by which this concern is addressed in the current work. (1) The chosen labeling strategy has been demonstrated to be an effective way to measure the length of the singlestranded DNA (ssDNA) that connects the Cy3 and Cy5 dyes. [17] [18] The optimized choice of the linkers and dyes has also been confirmed by recent theoretical and experimental studies. 9, 13 (2) The choice of wellestablished labeling protocols is further tested by a cross-correlation test of every single molecule smFRET trajectory, demonstrating that, on average, ~5% of selected molecules are rejected because of positive cross-correlation (data not shown). This provides experimental support that the collected photons from Cy5 can only be due to energy transfer between Cy3 and Cy5. (3) Finally the thymidine spacer length at the ends of the TAR-DNA hairpin were optimized such that the expected intramolecular end distances correspond to the maximum dynamic range of FRET values predicted for the Cy3/Cy5 FRET pair.
As mentioned above, the extended 4-dT spacer between the Cy5 and the ssDNA serves an additional purpose beyond preventing dye-base stacking. The extension shifts and optimizes the average separation distances to the dynamic range of the Förster relationship between distance and FRET dependence for Cy3-Cy5 dyes of between ~3 nm to ~12 nm ( Figure S1 ). The possible secondary structures and formation free energy, ΔGclosed of one-loop opened and twoloop opend TAR-DNA are calculated by Mfold 19 ( Figure S2 ) with the rest of the trunk part deleted, and 6 dT added for the ease of calculation. Mfold is based on the nearest-neighbor method. [19] [20] [21] [22] The open and close lifetime are calculated with the model developed by Grunwell et al. 23 and Bonnet et al. 24 . The equilibrium constant from the open state to the closed-state, Kclosed at room temperature are caculated by Equation S2 from the free energy. The closing rate kclose of hairpin of given loop size and basepair, kopen are determined by the calibration slop measured by Bonnet et al. 24 Then the opening rate constant of the DNA-hairpin is calculated from Equation S3 (Table S1) . 
Photophysics of Cy3 and Cy5
The time-resolved fluorescence data (Table S2) were acquired from the fluorescence lifetime and anisotropy measurements carried out for the acceptor dye (Cy5) on all the constructs of the DNA in the presence and absence of PEG and urea. Table S2 shows the fluorescence lifetime and anisotropy measurements of the Cy5 dye conjugated with all constructs of the DNA ( Figure S3) . As is seen in Table   S5 S2, the average fluorescence lifetimes of all the Cy5-DNAs are within the range of 1.0 ns to 1.3 ns irrespective of the solutions, which is in good agreement with the reported values. 25 Also, the average rotational lifetimes of all the Cy5-DNAs are in the range of 0.5 ns to 2.0 ns range (Table S2) . Moreover, when PEG was added, the lifetime of the Cy5 dye has a fast component at ~0.1 ns and another major component at ~1.7 ns. This fast component might arise from slowing down of otherwise unobservable fast movement of the dye molecules without PEG molecules. Nevertheless, these results do not support the assumption that the photophysics of the dye molecules were significantly changed by PEG molecules since the fluorescence lifetime remains unchanged. The slight slowing down of the rotation will not affect our FRET measurement since there is a few orders of magnitude difference in the time scale, as the rotational lifetimes are in the ns time scale and our smFRET data are compared at 10 ms integration time. Thus, we conclude that the broadening of the smFRET distribution we see for the TAR-DNA hairpin, and to a lesser extent for the mutants, is due to a new ability, in the viscous PEG solution, to observe loopopen states that ordinarily have lifetimes that are too short for us to detect. Table S2 . Figure S4 . Single-molecule photon-counts of Cy3 attached to TAR-DNA (immobilized on the PEG-glass slides) under different PEG-6000 concentrations (left) and urea concentrations (right). Each plot was done within the same day. Oxygen scavenger, other buffer conditions and the excitation laser intensity were maintained the same for all the measurements. The error bars are the standard deviation of the average photon-counts of ~20 molecules Figure S4 supports the assumption that the photo-physics of the Cy3 donor dye are the same in solutions with different concentrations of PEG-6000 and urea under our experimental conditions. First, the average single-molecule photon-counts of the Cy3 donor dye remain the same in different solutions under the same excitation intensity. Second, the consistent amplitudes of the error bars indicate similar behavior of the Cy3 dye in different solutions. The error bars are mainly due to the strong environmental dependence of the Cy3 dye and the variation of the local environment of the molecules on the substrates, which is consistent with the results observed by others in the literature.
TAR DNA dynamics under PEG
We confirmed that PEG-6000 has negligible effects on the secondary structure of DNA and the dye photophysical response using circular dichroism (CD) ( Figure S5 ) and fluorescence anisotropy decay measurements for all the constructs of DNAs in the presence and absence of PEG ( Figure S3) . Therefore, we considered PEG-6000 a suitable crowding agent to slow down the dynamics of the TAR-DNA and mutant constructs. By analyzing the dwell times for transitions between the state S1 and S2 identified by HaMMy, 27 ( Figure S6) we can confirm that the addition of PEG slows down the opening and closing dynamics of the DNA hairpin. The lifetimes of state S1 and state S2 of TAR-DNA hairpin, 353 ms and 142 ms respectively, are slower by two orders and four orders of magnitude respectively in the presence of PEG as compared to the theoretical values in the absence of PEG mentioned earlier. This indicates that the decrease in configurational diffusion in the presence of PEG has a greater effect on the closing rate than the opening rate, yielding an equilibrium distribution that is shifted slightly away from the closed hairpin distribution. [28] [29] Based on these results, we conclude that PEG alone is insufficient to allow us to observe the other three open states S3, S4, and S5 of TAR DNA. 30-32 (A) and (B) represent the exponential fits to 2-state opening and closing of the hairpin using HMM. Transitions to the state at FRET efficiency ~0.45 ( Figure 3d in the main text) were not analyzed because only 2 of the 74 analyzed molecules exhibited this state. This rare occurrence could either be due to misfolding during the reannealing process or to the proposed breaking of ergodicity for single molecules, 33 and perhaps deserves more detailed future treatment, but either is outside the current statistical treatment. 
Full trajectories of data in main text

Conclusion remarks
We expect that this work will have the following impacts: (1) We conclude that a possible biological function for a hairpin loop is to serve as an additional fraying center to increase opening rates in otherwise stable systems; such insight into loop function could help both DNA-targeting therapeutic and S9 biosensing systems that are highly dependent on DNA dynamics. [34] [35] [36] [37] [38] [39] (2) We suggest practical strategies to obtain the kinetic and thermodynamic information from single-molecule experiments. (3) Combination of PEG and urea will further increase our ability to study the detailed kinetics of each step and will be conducted in the future. A preliminary study ( Figure S9 ) has shown promising results that more populations on the lower FRET region are observed by adding 10% PEG into the 5 M urea buffer solution. We will carry out further systematic studies and build devices to tune the temperatures in the future. (4) We expect the experimental and kinetic analytical approaches developed in this article to provide useful tools in studying the mechanism of multi-state DNA hairpin dynamics, or other general systems with multiple parallel pathways of chemical reactions, especially when non-equilibrium states are difficult to achieve, which prohibits any ensemble method to measure the kinetics. Figure S9 . Global ensemble histogram of TAR-DNA in the presence and absence of 10% PEG and 5M Urea. Inset also shows the mean FRET efficiency (µ) and standard deviation (σ) of the histogram.
